Changes in effective population size impinge on patterns of molecular evolution. Notably, slightly deleterious mutations are more likely to drift to fixation in smaller populations, which should typically also lead to an overall acceleration in the rates of evolution. This prediction has been validated empirically for several endosymbiont and island taxa. Here, we first show that rate accelerations are also evident in bacterial pathogens whose recent shifts in virulence make them prime candidates for reduced effective population size: Bacillus anthracis, Bordetella parapertussis, Mycobacterium leprae, Salmonella enterica typhi, Shigella spp., and Yersinia pestis. Using closely related genomes to analyze substitution rate dynamics across six phylogenetically independent bacterial clades, we demonstrate that relative rates of coding sequence evolution are biased according to gene functional category. Notably, genes that buffer against slightly deleterious mutations, such as chaperones, experience stronger rate accelerations than other functional classes at both nonsynonymous and synonymous sites. Although theory predicts altered evolutionary dynamics for buffer loci in the face of accumulating deleterious mutations, to observe even stronger rate accelerations is surprising. We suggest that buffer loci experience elevated substitution rates because the accumulation of deleterious mutations in the remainder of the genome favors compensatory substitutions in trans. Critically, the hyper-acceleration is evident across phylogenetically independent clades, supporting the hypothesis that reductions in effective population size predictably induce epistatic responses in genes that buffer against slightly deleterious mutations.
Introduction
In finite populations, the likely fate of a sequence variant is determined by the leverage of selection versus genetic drift (Wright 1931 ). An increase in the relative power of driftconceptualized as a reduction in the effective population size (N e )-can therefore have strong repercussions for subsequent patterns of molecular evolution. Notably, depending on the distribution of fitness effects and the severity of reduction in N e , a greater or lesser fraction of slightly deleterious mutations that would have previously been purged by selection now behave as effectively neutral variants and are more likely to rise to fixation (see Charlesworth 2009 for a recent review). In populations where slightly deleterious mutations outnumber slightly beneficial mutations, these altered fixation dynamics should also manifest themselves as an overall acceleration in the rate of nucleotide substitutions (Woolfit 2009 ).
These theoretical predictions have been confirmed empirically in populations where N e is likely reduced because of low census population sizes or peculiar lifestyles. Arguably, the strongest and most detailed evidence in this regard comes from obligate endosymbiotic bacteria (Moran 1996; Wernegreen and Moran 1999; Woolfit and Bromham 2003; Canback et al. 2004; Kuo et al. 2009 ) where transmission dynamics dictate repeated bottlenecks, no recombination, and strong population subdivision, resulting in dramatically reduced N e compared with free-living relatives. Consistent with predictions, 16S ribosomal RNA genes show accelerated rates of sequence evolution along several endosymbiont lineages (Woolfit and Bromham 2003) . Similarly, genome-wide rates of nonsynonymous to synonymous substitutions (dN/dS)-interpreted as a proxy for the power of purifying selection (Ohta 1992 )-are elevated in obligate endosymbionts (Kuo et al. 2009 ). Comparisons between island and mainland taxa have yielded comparable results (Johnson and Seger 2001; Woolfit and Bromham 2005; Legrand et al. 2009) , with rates of evolution typically faster in island species, where N e is presumably smaller. This supports the notion that the observed rate accelerations are prompted, at least in part, by reductions in N e rather than by a specific ecological scenario (endosymbiosis).
To date, the majority of studies concerned with rate accelerations under reduced N e have either covered few loci or considered genome-wide averages with little regard to functional differences between genes. If the fitness effects of individual mutations are independent, then the population genetic processes described above should indeed be agnostic to gene function. However, the effect of any one mutation frequently depends on its genetic background and that background changes over time as the population persists at reduced N e and slightly deleterious variants continue to fix (Silander et al. 2007) . In other words, mutations interact epistatically and earlier mutations condition the fitness landscape for subsequent mutations.
One particularly poignant case concerns epistasis between mutations in quality control (QC) machinery and mutations in the remainder of the expressed genome. The deleterious effect of a mutation may be reduced by the intervention of QC mechanisms that identify faulty products and mitigate their effects. Famously, chaperones can buffer against mutations that would otherwise destabilize protein structure (Rutherford and Lindquist 1998; Tokuriki and Tawfik 2009a) . Although less extensively explored, other molecular systems can in principle also function as buffers. For example, in a number of eukaryotic taxa, mis-spliced mRNAs are targeted by the nonsense-mediated decay pathway (Maquat and Carmichael 2001) , which degrades erroneous messages and thereby prevents them from being translated into nonsensical-and potentially harmful-proteins.
When effective population size shrinks, slightly deleterious mutations are predicted to accumulate in the genome, thus increasing the burden imposed on QC pathways. In turn, patterns of sequence evolution of QC genes may reflect this elevated burden. Indeed, theoretical work suggests that ''chaperone-like'' genes-genes that, by some mechanism, confer robustness to slightly deleterious mutations-should experience an altered selection regime under reduced N e (Krakauer and Plotkin 2002; Gros and Tenaillon 2009) .
Here, we contrast the effect of reduced N e on the evolutionary regime of QC genes with substitution patterns in genes of different functional classes. For this, we shift from standard works on highly evolved endosymbiotic systems to recently emerged lineages of bacterial pathogens that exhibit more stringent host specificity, reduced recombination, and more frequent bottlenecks than their sister strains and are therefore prime candidates for reduced N e . The genomes we analyze (table 1) are closely related allowing high-confidence reconstruction of synonymous and nonsynonymous substitutions. At the same time, although the taxa described below share the label ''pathogenic,'' they occupy a diverse set of niches and exhibit very different virulence strategies and growth rates. For example, M. leprae is an exceedingly slow-growing gram-positive obligate intracellular pathogen that infects humans via the respiratory route and accumulates in body extremities, notably in macrophages and the peripheral nervous system (Britton and Lockwood 2004) . Shigella spp. on the other hand are fast-growing gram-negative facultative pathogens transmitted through a fecal-oral route that provoke acute bloody diarrhea and, while producing intracellular infections, thrive in the absence of a host under favorable conditions (Kaper et al. 2004) . Hence, although one may find broad commonalities between these emerging lineages of pathogens, for example, in terms of heightened stress induced by the host immune system, commonalities in sequence evolution between them cannot be readily attributed to a shared response to a shared novel environment.
Materials and Methods

General Strategy
We screened multiple clusters of closely related bacterial genomes to identify candidate clades where, based on comparative disease ecology, clonality, and genomic features (genome size, pseudogene content, and density of transposable elements; see table 1), we suspected at least one taxon to have strongly reduced N e .
Based on a preliminary assessment of these criteria, we initially identified eight candidate clusters (Bacillus, Bordetella, Escherichia, Mycobacterium, Neisseria, Salmonella, Xanthomonas, and Yersinia) for which we reconstructed phylogenetic relationships from concatenated alignments of all orthologous protein-coding genes (see below for details). Within this larger phylogeny, we identified, if possible, four taxa that mapped onto the topology given in figure 1. The four taxa were chosen to include one genome with likely reduced N e in a derived position on the topology (taxon A in fig. 1 ) and three taxa (B-D) of likely larger effective population sizes. The only exception here is Bordetella where N e of Bo. pertussis (taxon C, table 1) is probably even smaller than N e of Bo. parapertussis (taxon A). However, the latter should still be smaller than N e of Bo. bronchiseptica (taxon B) justifying the inclusion of this clade in the analysis.
We discarded Neisseria and Xanthomonas from the analyses because the topology of available genomes did not match our requirements, and we considered indicators for differences in effective population sizes to be weak, respectively. For Escherichia spp., we analyzed two subclades, one including Sh. boydii and the other Sh. flexneri. In all analyses that involve combining data across clades, we only consider one of the two Escherichia sets of taxa because not all branches are phylogenetically independent. We present results for Sh. boydii but all results hold regardless of which Shigella taxon is dropped from the analysis.
Ortholog Identification and Alignment
Coding sequences for all genomes were extracted from GenBank (RefSeq, ftp://ftp.ncbi.nih.gov/genomes/Bacteria). We excluded genes with internal in-frame stop codons and genes whose length was not a multiple of three nucleotides. One genome from each cluster (typically all available genomes with the same genus name) was randomly chosen as a pivot and compared with each other genome in a pairwise fashion. For every gene in the pivot genome, we conducted a FASTA search in the other genome and vice versa.
Warnecke and Rocha · doi:10.1093/molbev/msr054 MBE We retained the ten best hits for every gene. For these ten hits, we constructed exact pairwise alignments using the Needleman-Wunsch algorithm where we did not penalize gaps at the edge of smaller sequences (end-gap free alignment following Erickson and Sellers (1983) . At this stage, we considered as putative orthologs reciprocal best hits with .40% similarity and ,20% difference in the length. In the next step, each putatively orthologous pair was tested for gene order conservation. Gene A in genome A was considered orthologous to a gene B in genome B if at least four genes in a neighborhood of ten genes around gene A (five genes upstream and five genes downstream of the focal gene) have an ortholog in a neighborhood of ten genes around gene B. Genes that do not satisfy this constraint were removed. We then removed all orthologous pairs that exhibit ,85% amino acid conservation to the pivot. If for a given genome we eliminated more than 5% of the putative positional orthologs, we discarded the entire genome. We then defined the list of orthologs as the intersection of all pairwise lists. The use of exact alignment and gene order conservation allows minimizing false positive ortholog assignments in the face of horizontal gene transfer. This is important in the context of this work because falsely inferred orthologs tend to have very high substitution rates relative to true orthologs and might produce spurious results. Finally, we aligned these orthologs at the protein level using Muscle (Edgar 2004 ) and back-translated them to DNA.
Phylogenetic Reconstruction
Following alignment of all genes, we concatenated all DNA alignments into one large alignment to reconstruct phylogenetic relationships of each clade. Given the very large size of core genome alignments and the low density of polymorphisms, we built a distance matrix with Tree-Puzzle (Schmidt et al. 2002) using maximum likelihood reconstruction under the Hasegawa-Kishino-Yano model. We then built the phylogenetic tree from the distance matrix using BIONJ (Gascuel 1997) , which we consider to be the species tree. The robustness of the tree was evaluated by bootstrapping the concatenated alignment of the core genome, using BOOT and CONSENSE from the PHYLIP package (http://evolution. genetics.washington.edu/phylip.html). This tree then served as the guide tree for rate analyses in PAML (see below).
Clusters of Orthologous Groups
We concatenated all orthologous genes by Clusters of Orthologous Group (COG) functional category The comparisons are for Bo. parapertussis and its sister group Bo. bronchiseptica. Yet, the outgroup Bo. pertussis has independently acquired even more IS and has an even shorter genome. Function-Specific Effects of Reduced N e · doi:10.1093/molbev/msr054 MBE (http://www.ncbi.nlm.nih.gov/COG/grace/fiew.cgi) according to their assignment in the COG database, downloaded from NCBI (ftp://ftp.ncbi.nih.gov/genomes/Bacteria). If a gene was assigned to more than one COG functional category, it was allocated to all concatenates concerned. Note that this should exacerbate similarities between concatenates, whereas our aim here is to reveal differences. Note also, that all results presented below are qualitatively identical when we allocate a gene to only a single COG chosen randomly from the COG classes assigned to that gene (data not shown).
COG functional categories A, B, W, and Z (see supplementary table S1, Supplementary Material online for a list of all COG functional categories) were excluded from the analysis because very few, if any, genes belong to these categories so that we could not obtain robust rate estimates for these genes.
We also generated two custom functional categories. First, all orthologs without a COG assignment were defined to belong to a custom category ''X'' and concatenated accordingly. Genes that have not been identified as belonging to any COG domain are genes for which the COG algorithm cannot detect at least three mutually consistent genome-specific best hits to other genomes in the COG database (see Tatusov et al. 2000) . These genes might therefore represent phylogenetically isolated lineage-specific genes. Second, we defined a functional category ''QC'' to represent QC genes. Although COG functional category O (''Posttranslational modification, protein turnover, chaperones'') contains a large number of genes that are implicated in QC pathways, it also harbors a number of genes that we considered unlikely to be directly involved in QC/ buffering (e.g., ATP-binding cassette-type transporter components). ''QC'' is therefore a subset of COG functional category O with non-QC genes removed (supplementary table S2, Supplementary Material online).
Analysis of Substitution Rates
We computed branch-specific synonymous and nonsynonymous substitution rates under a free ratio model using the codeml algorithm implemented in PAML (Yang 2007 ). The species trees identified above were used as guide trees. Some phylogenetic models may yield misleading substitution rate estimates when the genomes concerned differ markedly in nucleotide composition. All our clades differ by ,1% in genomic GC content with the exception of the mycobacterial clade where compositional differences across taxa are much more pronounced (58% GC for M. leprae and 66% for M. tuberculosis). To corroborate our conclusions with an evolutionary model accounting for the evolution of nucleotide composition, we also implemented the Galtier and Gouy substitution model (Galtier and Gouy 1995) in baseml (model T92 þ GC) and repeated all relative rate analyses as described below. Although, as expected, the codeml model tends to overestimate ancestral branch lengths and underestimate the length of branch a (not shown), the conclusion of cross-clade hyperacceleration of QC genes (see below) is strongly supported by the T92 þ GC model (supplementary fig. S1 , Supplementary Material online).
Protein Structural Analysis
Compensation at the level of protein structure (in cis) might involve residues that are, on average, located more closely together in protein structural space than random pairs of substitutions. In order to test whether substitution patterns are consistent with a greater role for ciscompensatory evolution in QC genes, we downloaded 181,944 protein chains from the Protein Data Bank (www.pdb.org) and conducted a protein Blast search against all proteins (from taxa A) in our final data set. Following the approach of Bloom et al. (2006) , we aligned all hits with an E value ,10 À5 using Muscle (Edgar 2004 ) and retained alignments with sequence identity .80%, selecting the alignment with maximum sequence identity in case several protein chains matched the same query protein. After downloading the corresponding protein structures from the Protein Data Bank, we determined pairwise distances between residues where an amino acid substitution had occurred along branch a. In addition, we computed pairwise distances between all residues in the structure for normalization purposes (see below). For a total of 503 proteins that have the necessary minimum of two mapped substitutions along branch a to compute intersubstitution distances, we found a corresponding structure with sufficiently high sequence identity. Only eight of these proteins belonged to COG QC. As COGs vary in average protein size, and therefore in typical interresidue distance, we calculated a Z-score for each protein as
where D sub and D all are the mean log-transformed distances between residues where substitutions occurred and between Warnecke and Rocha · doi:10.1093/molbev/msr054 MBE all residues, respectively, and n is the number of residues in the structure. The distributions of Z scores from QC and non-QC genes (pooled across clades) were then compared by means of a two-sided t-test.
Results
Accelerated Rates of Sequence Evolution in Pathogenic Bacteria
We identified six phylogenetically independent clades of closely related bacterial genomes including one genome that-based on comparative disease ecology, clonality, and genomic features-we expect to have a relatively reduced effective population size (see Materials and Methods, table 1). For each clade, we defined the core genome, inferred its phylogeny (see Materials and Methods), and focused on a four-taxon phylogeny of the type depicted in figure 1 , where the taxon with presumed smaller N e [taxon A(N eS )] has derived status. In order to unravel function-specific signatures of sequence evolution in response to reduced N e while obtaining robust rate estimates from the given phylogenies, we concatenated the alignments of protein-coding core genes by their COG functional category (see Materials and Methods). Alongside the predefined COG classes, we included a QC category, which contained chaperones, proteasome components, transfer-messenger RNA machinery, and other genes we considered to function in QC pathways (see Materials and Methods). For each of these COG concatenates, we determined branch-specific dN and dS as well as the dN/dS ratio (see Materials and Methods). We compared the rates of evolution on the terminal branch leading up to taxon A (branch a in fig. 1 ) with the rate of the branch leading to its sister taxon (branch b) as a rate disparity (RD):
where r a and r b are the rates on branches a and b, respectively. RD provides a measure of relative rate acceleration that is effectively decoupled from the absolute rates of evolution along the two branches as well as from the ancestral rate (supplementary table S3 , Supplementary Material online). In other words, genes that evolve more slowly (low absolute rate) show no significant tendency to experience faster accelerations (high RD) under reduced N e . Further, being decoupled from absolute rates, we do not expect RDs to covary with gene-specific features that are often highly predictive of absolute rates of evolution, such as, most notably, expression level (reviewed in Pal et al. 2006) . Indeed, although there is a strong correlation between the frequency of optimal codons (Fop), a proxy of gene expression levels, and absolute rates of evolution, RD and Fop do not correlate (supplementary fig. S2 , Supplementary Material online). Finally, we found no tendency for COG concatenates with less sequence information to have more extreme values of RD (supplementary fig. S3 , Supplementary Material online).
If taxon A has indeed experienced a reduction in N e , RD should be .0.5 (i.e., more than 50% of substitutions after the split of A and B have occurred along branch a). This prediction is met in all candidate clades ( fig. 2,  supplementary fig. S4 and table S4, Supplementary Material online) both for synonymous and nonsynonymous substitutions. We also observe elevated dN/dS ratios. This is consistent with reduced purifying selection in the emerging strain with reduced N e and suggests that rate accelerations are not due to increased mutation rates (Ohta 1992; Kuo et al. 2009 ). Accelerations are also evident relative to the ancestral branch f for most rate comparisons (supplementary fig. S5 , Supplementary Material online). Rate accelerations along all the lineages with reduced N e for practically all functional classes suggest a strong global effect of lower effective population sizes on these emerging clonal pathogens.
Average values of RD vary considerably across clades ( fig.  2, supplementary fig. S4 , Supplementary Material online). Although we discern no clear-cut relationship to other genomic indicators of reduced N e (table 1), variability in average RD is likely a function, at least in part, of the timing and intensity of N e reduction in the focal lineage. Within each clade, RD values for individual COGs (supplementary table S4, Supplementary Material online) will further vary because different functions experience different intensities of purifying and/or positive selection following shifts in virulence (Canback et al. 2004 ). Finally, although our core genomes are relatively large, these emerging lineages are largely monomorphic, and the density of polymorphisms is therefore very low. This may induce some uncertainty in the inference of individual values of RD for each individual COG in each individual clade, even though collectively they show a strong coherent signal indicating acceleration of evolutionary rates. Although variability in relative rates across COGs per se is not unexpected, we were primarily interested to ascertain whether there are COGs that evolve systematically faster or slower than other COGs across clades as that might indicate predictable epistatic responses to reduced N e . In particular, we wished to test if the evolutionary behavior of QC genes is in any way distinct from the other functional classes. When we compare RDs of QC genes with RDs in the remainder of the protein-coding genome, we find that QC genes appear hyper-accelerated along reduced-N e lineages in the majority of clades studied (table 2) , a pattern we do not expect to see under a random model (P 5 0.033, seesupplementary text, Supplementary Material online). This is in agreement with the hypothesis that QC proteins endure a different selective regime than the average protein when taxa undergo a depression in N e . But do QC genes really stand out from the crowd? To address this question in a way that allows dissection of the relations between different functions and is alert to multiple testing, we developed a rank-based framework that draws inspiration from Condorcet electoral statistics. The approach is illustrated in figure 3 . Briefly, we treat each clade as an individual ballot where COGs are compared in a pairwise fashion. Combination of these ballots across clades reveals shared propensities of one COG to evolve faster/slower than a second COG across multiple phylogenetically independent instances. Figure 4 provides a graphical summary of these shared propensities for different RD comparisons (RD for dN, dS, and dN/dS). On average, both synonymous and nonsynonymous RDs of QC genes are larger relative to other COGs. Note that, interestingly, this is not the case for RD for dN/dS. Typically, inconspicuous dN/dS might have been interpreted as a lack of acceleration in dN relative to dS and therefore maintenance of purifying selection. This is clearly not the case here: both dN and dS are relatively accelerated.
Is this hyper-acceleration relative to other functional categories different from what we would have expected by chance? To determine statistical significance, we computed the marginal total of a particular COG in the crossclade ballot matrix as an index of its propensity to show greater RD relative to all other COGs in the genome. We then compared the observed marginal totals with randomized marginal totals (see fig. 3 ). Figure 5 illustrates that-uniquely across COG classes-observed marginal totals for QC are significantly higher than expected for both synonymous and nonsynonymous RD comparisons. In other words, the sequences of QC genes have a significant cross-clade tendency to be hyper-accelerated relative to other functional categories.
To understand the biological significance of these results, we conducted a series of tests. First, hyper-acceleration at synonymous sites might trivially reflect single mutational events that affect both nonsynonymous and neighboring synonymous sites. However, we found neighboring substitutions to be rare (,1% of all substitutions) and not more common along branch a compared with branch b. Further, the frequency of these events is below average for QC genes. More generally, RD (dN) and RD (dS) are uncorrelated in all but one clade (see supplementary text,Supplementary Material online), further suggesting that these two measures reflect largely independent substitution events. Second, as the chaperonin GroEL was previously shown to experience accelerated rates of nonsynonymous evolution along several pathogenic lineages (Williams et al. 2010) , we excluded GroEL from the analysis but found that above results remain virtually unchanged. Finally, we verified that hyper-acceleration of QC genes remains strongly supported when we compute evolutionary rates under a substitution model that controls for base composition (supplementary fig. S1 , Supplementary Material online, Materials and Methods).
Note that all other ostensibly significant trends ( fig. 5 ) lose support under this model, with the exception of hypo-acceleration of COG Q genes. We currently lack any convincing explanation as to why COG Q genes (''Secondary metabolites biosynthesis, transport, and catabolism''), typically amongst the fastest-evolving genes in absolute terms, should experience low synonymous RD across clades. In contrast, theory certainly suggests that QC loci might exhibit altered evolutionary dynamics under reduced N e (Gros and Tenaillon 2009) . Intuitively, however, one might suspect that these loci interact with accumulating slightly deleterious mutations via negative epistasis-that is, deleterious mutation arising in a QC locus would exacerbate effects of deleterious mutation in the substrate. One might therefore expect purifying selection at QC loci to intensify. Clearly, this simple prediction is not supported by the data. Instead, our data suggests that QC genes typically experience accelerated evolution.
Discussion
Population genetic theory predicts accelerated rates of nucleotide substitutions following a reduction in effective population size. This prediction has previously been upheld in a number of endosymbiont and island taxa. Here, we demonstrate on a genome-wide basis that rate accelerations can also be observed, over much shorter evolutionary distances, in several clades of pathogenic bacteria. This Bordetella (Parkhill et al. 2003) , extensive gene decay in M. leprae (Cole et al. 1998; Gomez-Valero et al. 2007) , and sexual isolation in Sa. typhi (Holt et al. 2008) .
Reduced N e is arguably the most parsimonious explanation for the global trend toward elevated RD, but other factors might contribute as well. First, average generation times might be systematically shorter for taxon A so that rate accelerations may be caused by a larger number of generations on branch a. This seems unlikely. As far as we know, there is no evidence that increased pathogenicity and/or host specificity is commonly associated with faster growth rates. In fact, there is some evidence that enhanced pathogenicity is associated with increased minimal generation times, for example, in the reduced-N e taxa M. leprae (240 h) and Y. pestis (1.25 h) relative to their sister taxa M. tuberculosis (19 h) and Y. pseudotuberculosis (30 min), respectively (Vieira-Silva and Rocha 2010).
Second, selection to evade immune responses might lead to positive selection in surface-exposed proteins. Yet, these proteins are a small fraction of the proteome and tend to be excluded from the core genomes. For example, in E. coli, these genes correspond to less than 1% of the core genome (Nogueira et al. 2009 ). Furthermore, most FIG. 3 . Condorcet analysis to detect function-specific responses to reduced N e shared across clades.
Step 1: Concatenated COG alignments are ranked within each clade according to their rate disparity (RD, highest RD ranks first).
Step 2: Rankings are translated into a Condorcet ballot matrix where COGs are subjected to pairwise comparisons. For each pair x, y, where x is the COG by row and y is the COG by column, if rank(x) , rank(y), that cell is assigned 1, if rank(x) . rank(y), the cell is assigned 0. The COG with the largest RD (QC in this example) therefore scores exclusively 1s.
Step 3: Condorcet ballots are added via matrix addition to yield a cross-clade matrix.
Step 4: As an overall measure of the crossclade tendency of a COG to have higher/lower RD than all other COGs, compute the marginal row total for each COG.
Step 5: Randomize ranks across COGs and repeat steps 2-4 k 5 10,000 times for each COG to obtain a distribution of marginal totals. Step 6: Compare the observed marginal totals with the distribution obtained through randomization. Any COG x (row) can score a maximum of 6 in each pairwise comparison with any other COG y (column) if it outranks (i.e., has higher RD than) COG y in all 6 clades. For example, looking at RD for synonymous rates (dS) COG QC scores 6 in comparison with COG T, which means that QC has a higher synonymous RD than T in all clades considered. Matrices are ordered by the marginal row totals.
Function-Specific Effects of Reduced N e · doi:10.1093/molbev/msr054 MBE sister clades of the focal species with low N e (i.e., taxa B) in this analysis are themselves pathogens and thus subject to selection imposed by the immune system. Finally, we find that COGs with exclusively intracellular protein localizations (e.g., the translation-associated COG J) also endure accelerated sequence evolution.
Third, our candidate genomes may have lost some capacity for DNA damage repair, either because repair enzymes have been lost altogether or because they have accumulated mutations that affect adequate functioning or expression. There is certainly evidence that repair capacity is frequently lost or diminished in genomes undergoing reductive evolution (Dale et al. 2003; Silva et al. 2003) . We acknowledge that this might be a contributory factor to accelerated rates, particularly in the mycobacterial clade where M. leprae differs markedly in nucleotide composition and is known to have reduced repair functions (Dawes and Mizrahi 2001) . However, such differences in repair repertoires were found neither in Shigella (Balbi et al. 2009 ) nor in Y. pestis or Ba. anthracis (Hershberg and Petrov 2010) . Further, repair biases should affect genes similarly regardless of gene function and are therefore unlikely to explain function-specific evolutionary trends. Finally, loss of repair capacity is thought to be a secondary effect of reduced N e rather than its cause (if N e is high, the deleterious inactivation of the repair machinery is efficiently purged). Overall, lower N e seems the most parsimonious explanation for the commonalities found in this work in terms of the global accelerations of evolutionary rates.
Hyper-Acceleration of Quality Control Genes
Can reduced N e also explain why QC genes show greater rate disparities than other COGs across clades? There are several radically different models that might explain these observations. First, accelerations in substitution rates may be owing to relaxed selection. This deceptively simple explanation poses more problems than it solves. The QC class contains elements, such as chaperones, that are nearly ubiquitous among prokaryotes, highly expressed, and highly conserved in sequence. Classes with similar characteristics, such as COG J (translation), do not exhibit RD values different from the average genome. Moreover, there is no obvious reason why selection on QC genes should relax above and beyond what happens in other functional categories. On the contrary, theory suggests that QC machinery should become more critical to viability in populations with reduced N e (Krakauer and Plotkin 2002; Gros and Tenaillon 2009 ). This prediction seems to be born out in the upregulated expression of chaperones in a number of endosymbiotic taxa (e.g., Baumann et al. 1996) and in the effective buffering of deleterious mutations in cells engineered to overproduce GroEL (Fares et al. 2002) .
Alternatively, differences in relative rates between functional categories might reflect adaptations to a new host/ Warnecke and Rocha · doi:10.1093/molbev/msr054 MBE niche (Canback et al. 2004; ). As we observe shared responses along a number of independent branches, however, we would have to evoke a remarkable case of parallel evolution for bacteria that occupy very different niches; in addition, although our focal taxa are pathogenic, the same is often already true for their respective ancestors. In short, we do not think that either relaxed purifying or pervasive positive selection provide an adequate explanation for the function-specific variation in rate disparities. We suggest instead that the patterns of molecular evolution we observe for QC genes are most consistent with a third alternative: compensatory evolution. A number of studies, notably on antibiotic resistance (Reynolds 2000; Maisnier-Patin et al. 2002; Trindade et al. 2009 ) in bacterial model systems, have demonstrated that the fitness costs of deleterious mutation are frequently ameliorated by subsequent mutations. Such compensatory changes can occur in cis (e.g., restabilizing a previously destabilized protein structure) or in trans, that is, in genes other than the one with the original deleterious mutation (Reynolds 2000) . Intriguingly, compensatory evolution is expected to assume greater prominence under reduced N e . Although compensatory mutations are a priori more likely to arise than true revertants because the mutational target is larger, under small N e chances are higher that a compensatory mutation of intermediate effect fixes before a large-effect revertant arises (Levin et al. 2000) . In principle, this qualitative change in evolutionary dynamics should apply to all genes regardless of their functional role in the cell. However, QC genes can mitigate fitness effects of a large number of substrates in trans and may therefore constitute a natural playground for compensatory change. We therefore suggest that the excess acceleration we observe might primarily reflect compensatory changes in trans accompanying the accumulation of slightly deleterious mutations in genomes of lineages with reduced N e .
Validating this hypothesis, especially as applied to genome-wide trends, is difficult in practice. Critically, diagnosing compensatory evolution requires knowledge of the fitness effects of the substitutions involved. Establishing, from sequence data alone, that an initial mutation is deleterious, whereas the subsequent mutation alleviates the deleterious effect has therefore only been possible where deleterious effect and amelioration are directly observable, for example, for human disease mutations or experimental microbial assays (see above), or where they can be strongly inferred as in the case of de-and restabilizing substitutions in transfer RNA stems (Meer et al. 2010 ).
As we lack residue-specific fitness data as well as strong expectations about the likely fitness effects of individual substitutions in our data, we cannot test our hypothesis of compensation in trans directly. However, we can rule out alternative explanations. For example, compensatory changes may occur in cis from selection for protein stability (Tokuriki and Tawfik 2009b) . In this case, de-and restabilizing substitution pairs should cluster more closely together in protein structural space than random pairs of substitutions. We therefore compared the relative proximity of substitutions in QC versus non-QC genes in the corresponding protein structures. We did not detect a significant difference between the two protein classes (t-test P 5 0.49; see Materials and Methods) . Although this test is rather indirect, it nonetheless suggests that compensation in cis for protein stability does not explain our results. May compensation occur in cis but simply not in relation to protein stability?
We showed above that hyper-acceleration in QC genes takes place both at synonymous and nonsynonymous sites. We have ruled out that this might occur because of multiple contiguous substitutions, and we found no effect of absolute expression levels on relative acceleration rates that might justify this correlation. Recent evidence shows that changes in synonymous sites can strongly impact fitness (Kudla et al. 2009; Lind et al. 2010 ) so that it is certainly conceivable that compensation takes place, for example, at the level of mRNA structure or in the context of protein-DNA/RNA interactions (Kenigsberg et al. 2010) . We currently see no convincing test to directly implicate these alternative terrains of compensatory evolution in our data, principally because our understanding of how nonsynonymous substitutions affect fitness in trans and how synonymous substitutions affect fitness in general remains extremely fragmentary. Therefore, although compensatory evolution remains a strong candidate to explain hyperacceleration of QC genes, we acknowledge that further testing will be required to corroborate or dispel this hypothesis. Finally, we note that, if QC hyper-acceleration is, as we suggest, an epistatic effect independent of specific ecological scenarios, patterns of molecular evolution in QC genes might serve-given sufficient temporal and genomic resolution-as indicators of changes in effective population size.
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